We report the integration of the insulating ferromagnet GdN with epitaxial films of the topological insulator Bi2Se3 and present detailed structural, magnetic and transport characterization of the heterostructures. Fabrication of multi-channel Hall bars with bare and GdN-capped sections enable direct comparison of magnetotransport properties. We show that the presence of the magnetic overlayer results in suppression of weak anti-localization at the top surface.
GdN is an insulating FM that has elicited interest for low temperature spintronic devices, particularly since it can be deposited by reactive sputtering at ambient temperature [15, 16] . This is of prime importance in studies of magnetic exchange coupling effects, as it minimizes thermal diffusion of magnetic species. Changing the nitrogen composition allows access to metallic [17] , semiconducting [18] and insulating [16] regimes, opening possibilities for its use as a spin-injector/detector, a spin-filter or a ferromagnetic gate in novel spintronic devices. The semiconducting and insulating states display a maximum ferromagnetic Curie temperature T C ∼ 65 − 70 K [16] [17] [18] , while more conducting N-deficient forms can have T C well above 100 K [16, 17] .
Bi 2 Se 3 thin films were grown by molecular beam epitaxy (MBE) on InP (111)A substrates under typical growth conditions described elsewhere [19] . Following a brief exposure to ambient atmosphere, the films were transferred to a Kurt Lesker CMS-18 system. After an in-situ Ar + surface clean, GdN was deposited by reactive rf sputtering of Gd in an Ar:N 2 environment at ambient temperature. The GdN films were deposited at a rate of ∼ 0.1−0.2Å/sec, with a sputtering power of 4.93 W/cm 2 in a 15% N 2 :Ar gas environment at 5 mTorr pressure with a source to substrate distance of 20 cm. The base pressure in the chamber prior to sputtering was ∼ 4x10
Torr. The lack of ultrahigh vacuum is probably responsible for the lower T C (∼ 13K) of our films. Since GdN oxidizes instantly on exposure to atmosphere, the films were capped in-situ with ∼ 60 nm of Au deposited by dc sputtering.
Structural and magnetic characterization of the heterostructure is presented in Fig. 1 . High-resolution transmission electron microscopy (HRTEM) and electron energy loss spectroscopy (EELS) were used to investigate the nature of the interface. The phase contrast image in Fig. 1 (a) reveals a sharp interface between the epitaxial Bi 2 Se 3 and the GdN. However, bright field images (see Fig. S1 in supplementary materials) reveal that the first 5-10 nm of the GdN is amorphous, followed by polycrystalline GdN thereafter. Scanning TEM (STEM) images and corresponding Gd EELS intensities are shown in Figs. 1(b) and (c). The line scan of the energy loss near-edge structure for the Gd M4,5 edge, obtained using a probe size of 0.5 nm and step size of 0.72 nm, shows no Gd in the bulk of the Bi 2 Se 3 . We emphasize that the lack of Gd diffusion into the bulk of the Bi 2 Se 3 clearly differentiates this scheme from previous studies of bulk magnetically doped TIs. More detailed structural characterization may be found in the supplementary section. Magnetization measurements in a superconducting quantum interference device (SQUID) magnetometer confirmed the ferromagnetism in the heterostructures. Measurements were taken along both in- plane and perpendicular-to-plane directions in a 5 mT measuring field after a 0.9 T field cool. The temperature dependence of the magnetization M shows T C ∼13 K ( Fig. 1(d) ). The hysteresis loops in the M v/s µ 0 H plots ( Fig. 1(e) ) show that the easy axis is in-plane, possibly due to shape anisotropy of the GdN thin film.
We measured magneto-transport in Hall bar devices of an 8 nm thick Bi 2 Se 3 thin film, patterned into multiple channels of dimension 20 µm × 60 µm by standard photolithography and etching. The ferromagnetic GdN/Au gate electrode is defined over one of the channels by another step of photolithography, sputtering and a lift-off process. The sputtering conditions were identical to those employed for the characterization in Fig. 1 . Figure 2(a) is an image of a typical device showing channels of bare Bi 2 Se 3 and ones covered with GdN. This enables a comparison of the magneto-transport properties of the Bi 2 Se 3 film in both regions to see the effects of the overlying magnetic layer. DC transport measurements were carried out in a Quantum Design PPMS system with an 8 T superconducting magnet and a base temperature of 1.8 K and an Oxford Heliox He 3 system with a base temperature of 400 mK. A typical non-linear 2-point I-V curve of the Au-GdN-Bi 2 Se 3 structure, is shown in Fig. 2(b) , indicative of a barrier to transport. To con- firm that the barrier indeed lies in the GdN and that the GdN is itself insulating, we additionally patterned Hall bars from a single Bi 2 Se 3 film but with varying thickness of the overlying GdN layer. The room temperature resistance of the capped channel in these devices showed no marked change for different thicknesses of the GdN. This is shown in the 4-pt V-I curves in Fig. 2(c) for GdN thicknesses ranging from 15-30nm. These measurements rule out the possibility of alternate current paths through the GdN layer, and demonstrate that charge transport is solely restricted to underlying Bi 2 Se 3 .
A comparison of the transport properties of the two channels in the device directly reveals the influence of the overlying magnetic layer on transport in Bi 2 Se 3 . The resistances of both channels show metallic temperature dependences (Fig 3(a) ), except for an upturn at low temperatures where the two dimensional (2D) sheet conductance (σ) has a logarithmic temperature dependence σ ∼ ln(T ) (inset to Fig. 3(a) ), consistent with electron-electron (ee) interaction in 2D [20] . The smaller residual resistivity ratio of the capped channel seen in Fig. 3(a) is already indicative of its lower mobility, and further confirmed by Hall measurements. The bare channel has a resis-tivity ρ = 1.17 mΩ.cm, mobility µ = 246 cm 2 /V.s and carrier density n = 2.17 × 10 19 cm −3 ; the capped channel has ρ = 4.12 mΩ.cm, µ = 60.9 cm 2 /V.s and carrier density n = 2.49 × 10 19 cm −3 . One potential cause for this suppression in mobility is damage from sputtering by reflections of energetic Ar gas neutrals, as observed in graphene [21] .
The carriers are n-type, and their density corresponds to a Fermi energy in the bulk conduction band. Figure 3(b) compares the low-temperature magnetoconductance MC in the two channels over a temperature range 2 ≤ T ≤ 10K. Both channels show a negative MC that is characteristic of weak anti-localization (WAL) in Bi 2 Se 3 due to strong spin-orbit coupling in the bulk and surface states. We note that low-frequency (19 Hz) lockin measurements in the capped channel display a positive MC which only depends on the perpendicular component of magnetic field (data not shown). This positive MC might be readily interpreted as evidence for weak localization arising from opening of a surface state gap [22] . However, we find that the positive MC is frequencydependent and is absent in the DC measurements reported in this Letter. Thus, we cannot attribute it to the opening of a gap and the phenomenon is not currently understood. Our observations contrast with measurements in EuS/Bi 2 Se 3 heterostructures where positive MC signatures of gap-induced weak localization are seen in both DC and AC transport [14] .)
We extract the phase coherence lengths l φ in the two channels by fitting the MC using the Hikami-LarkinNagaoka equation [23] for WAL quantum corrections, ignoring for simplicity the effects of e-e interactions [20] :
In the above equation α and l φ are used as fitting parameters and l B is the magnetic length. In the relevant case of strong spin-orbit coupling and weak magnetic scattering, we expect that α ∼ −0.5 for a single coherent channel, and the system lies in the symplectic class. In the limit of strong magnetic scattering, we expect α ∼ 0, and the system lies in the unitary class. The temperature dependence of l φ and α are compared for the two channels in Figs. 3(c) and 3(d) , respectively. Both capped and bare channels show a power law temperature dependence l φ ∝ T −1/2 , suggesting that the dominant dephasing mechanism is e-e interactions in 2D. However, the capped channel has a suppressed l φ in comparison to the bare channel. This might be trivially attributed to magnetic scattering. However, note that the value of α for the capped channel is inconsistent with a transition towards a unitary class due to magnetic scattering, and instead remains in the symplectic class (taking values close to −0.5). This raises the possibility that the WAL with the shorter l φ in the capped channel is associated with a single coherent channel that couples the bulk and the bottom surface state. In such a scenario, contributions to WAL from the top surface state may be expected to be completely suppressed due to the overlying magnetic layer.
In summary, we demonstrated the growth of a novel class of TI heterostructures by interfacing Bi 2 Se 3 with the insulating ferromagnet GdN. The ability to deposit GdN at ambient temperatures minimizes Gd diffusion into the Bi 2 Se 3 , as confirmed by high resolution EELS measurements. Also, electrical characterization of the heterostructure confirms the insulating nature of our GdN films, and thus ensures lateral transport solely through the Bi 2 Se 3 . Finally, our hybrid devices allow a direct comparison of magneto-transport properties of Bi 2 Se 3 channels with and without magnetic interactions. Devices with lower bulk carrier densities TI thin films and further improvements in the interface may enable direct access to the effects of broken time-reversal symmetry.
The development of these heterostructure devices opens up a broad range of opportunities for studying the influence of magnetism on electrical transport in the topological surface state and the development of novel spintronic devices.
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